Mammalian skeletal muscles are comprised of heterogeneous types of fibers based on their enzyme histochemical or immunohistochemical properties. Regardless of the muscle type, muscle region, or fiber type, an inverse relationship between cross-sectional area and oxidative enzyme activity of fibers is observed in the rat hindlimb muscles including the soleus, plantaris, extensor digitorum longus, and tibialis anterior muscles. This indicates that smallersized fibers have higher oxidative enzyme activities than larger-sized fibers even within the same fiber type. In addition, there is a matching of cell sizes and oxidative enzyme activities of spinal motoneurons and the muscle fibers that they innervate, which is important for maintaining their functional and metabolic properties.
I. Introduction
Mammalian skeletal muscle fibers can be classified into two major types based on their differences in adenosine triphosphatase (ATPase) activity after preincubations at different pHs: acid-stable and alkali-labile type I (slow-twitch) and acid-labile and alkali-stable type II (fast-twitch) [8, 9] . Type II fibers are further subclassified into type IIA and type IIB according to their ATPase stabilities in the acid range; type IIA fibers become ATPase-negative prior to type IIB fibers when the acidity of the preincubation medium increases (Table 1) . Type IIC fibers, which are ATPase-positive irrespective of the pH of the preincubation medium, have been further subclassified [5, 22] . The presence of different types of fibers correlates with the contraction speed and fatigue resistance of individual skeletal muscles. However, wide variations in the cell size and/or oxidative enzyme activity of fibers have been observed even within fibers belonging to the same type as defined by ATPase activity in the skeletal muscle [1, 20, 46, 56, 60, 65] . The present review addresses the relationships among cell size, oxidative enzyme activity, and fiber type defined by ATPase activity in the rat hindlimb muscles. In addition, the properties of the spinal motoneuron correspond well with those of the muscle fibers which it innervates. Therefore, we review the cell body sizes and oxidative enzyme activities of spinal motoneurons innervating specific muscles and muscle regions.
water, adjusted to pH 9.4 with NaOH; 4) washing in 5 changes of distilled water; 5) immersion for 3 min in 1% CaCl 2 ; 6) washing in 5 changes of distilled water; 7) immersion for 3 min in 2% CoCl 2 ; 8) washing in 5 changes of distilled water; 9) immersion for 1 min in 1% (NH 4 ) 2 S; 10) washing in 5 changes of distilled water; and 11) dehydration in graded series of ethanols, passed through xylene. Basically, the same protocol is used for the acid preincubation conditions. However, acid preincubation is carried out for 5 min at room temperature in 50 mM sodium acetate and 30 mM sodium barbital in distilled water, adjusted to pH 4.3 and 4.5 with HCl. Figure 1 shows serial transverse sections of rat muscles including the soleus (A and F), the deep (B and G) and superficial (C and H) regions of the plantaris, the deep (D and I) and superficial (E and J) regions of the extensor digitorum longus, the deep (K and P), middle (L and Q), and superficial (M and R) regions of the tibialis anterior, bulbocavernosus (N and S), and cardiac (O and T) muscles stained for ATPase activity after preincubation at pH 4.5 (A to E and K to O). Fibers in the rat hindlimb muscles are classified into three types based on their ATPase activities after preincubation at pH 4.5; type I, type IIA, and type IIB fibers show dark, light, and intermediate staining intensities, respectively [8, 9] . Type I fibers are observed only in the soleus and the deep regions of the plantaris, extensor digitorum longus, and tibialis anterior muscles.
The ATPase activities of single fibers based on the differential responses to alkali and acid preincubations correspond to molecular differences in their myosin heavy chain (MHC) isoforms. This correspondence was analyzed in previous studies combining the immunohistochemistry and/or electrophoresis of either the whole muscle or the single fiber [36, 62, 68, 69, 77] . Fibers containing MHC I (type I) and MHC IIa (type IIa) correspond to type I and type IIA fibers, respectively (Table 1) . Type IIB fibers determined by the ATPase staining reaction include MHC IIb (type IIb) and/or MHC IIx (type IIx), and some modification of the staining method using ATPase activity has been developed to distinguish MHC IIx from MHC IIb [19, 21, 61] . Type IIC fibers, which are positive in ATPase activities at all pHs throughout alkali to acid preincubations, correspond to hybrid fibers containing both MHC I and MHC II (mainly MHC IIa) [25, 68, 70] . In general, alkali-ATPase measures the fastest MHC isoform present in the fiber, whereas acid-ATPase reflects the average ATPase activity associated with the proportion of MHC isoform types within the fiber [76] . Figure 2 shows serial transverse sections of the rat soleus muscle stained for ATPase activity after preincubation at pH 10.4 (A), 4.5 (B), and 4.3 (C). The soleus muscle fibers are classified into type I, type IIA, and type IIC based on their ATPase activities after preincubations at different pHs. In contrast to other skeletal muscles, it is difficult to classify fibers in the soleus muscle into several types based only on their ATPase activities after preincubation at pH 4.5 because both type I and type IIC fibers show a high staining intensity at pH 4.5 (Fig. 2B) . In contrast, type IIC fibers show dark staining intensities due to their ATPase activities, irrespective of the pH of the preincubation medium ( Fig. 2A-C) .
III. Fiber Oxidative Enzyme Activity
The activity of succinate dehydrogenase (SDH), which is an oxidative marker enzyme, is determined in an incubation medium containing 130 mM sodium succinate and 1.5 mM nitroblue tetrazolium in 0.1 M phosphate buffer, adjusted to pH 7.0 [44, 45] . The reaction is stopped by washing in 5 changes of distilled water and the sections are dehydrated in graded series of ethanols and passed through xylene. The SDH activities at 45 min of incubation time are used for comparison among fibers of different types in different muscles because the activities of the fibers showed a plateau after 45 min of incubation (Fig. 3) . The crosssectional areas and SDH activities of fibers are examined using a computer-assisted image processing system [33] . The sections are digitized as gray-scale images and the mean optical density (OD) value within each fiber is determined.
The oxidative enzyme activities of fibers in the hindlimb muscles, except those of fibers in the soleus muscle, correspond well with their fiber types in that type I and type IIA fibers have the highest staining intensity while type IIB fibers have the lowest staining intensities ( Fig. 1F -J, P-T).
In addition, type I and type IIA fibers are unique because the oxidative enzyme activity is higher in the subsarcolemmal region than in the intermyofibrillar region of a muscle fiber [45] . In the soleus muscle, both type IIA and type IIC fibers show high oxidative enzyme activities, while type I fibers show low oxidative enzyme activities (Fig. 2D) . The perineal muscles, e.g., the bulbocavernosus and levator ani muscles, are comprised only of type IIB fibers Fig. 1 . Serial transverse sections of muscles including the soleus (A and F), the deep (B and G) and superficial (C and H) regions of the plantaris, the deep (D and I) and superficial (E and J) regions of the extensor digitorum longus, the deep (K and P), middle (L and Q), and superficial (M and R) regions of the tibialis anterior, bulbocavernosus (N and S), and cardiac (O and T) muscles in a 10-week-old male rat stained for ATPase activity after preincubation at pH 4.5 (A to E and K to O) and for succinate dehydrogenase activity (F to J and P to T). 1, type I; 2, type IIA; 3, type IIB. Bar=50 mm.
( Fig. 1N ). These fibers thus have relatively low oxidative enzyme activities (Fig. 1S ). The cardiac muscle from the left ventricle has dark staining intensity of ATPase, irrespective of the pH, and therefore it is difficult to classify individual fibers into several types based on their ATPase activities alone (Fig. 1O) . Furthermore, all fibers in the cardiac muscle show the highest oxidative enzyme activity (Fig. 1T ).
IV. Fiber Type and Cross-Sectional Area in Hindlimb Muscles
Type IIB fibers in the superficial regions of the extensor digitorum longus and plantaris muscles and in the middle and superficial regions of the tibialis anterior muscle show the largest cross-sectional area (Fig. 4) . In addition, type IIB fibers in the deep regions of the plantaris, extensor digitorum longus, and tibialis anterior muscles have larger cross-sectional areas than type I and type IIA fibers in the respective muscle regions. There are no differences in crosssectional area between type I and type IIA fibers in the soleus, extensor digitorum longus, or tibialis anterior muscles, irrespective of the muscle region. Previous studies [58, 59] observed that cross-sectional areas of fibers were in the rank order of type IIa (MHC IIa) < type I (MHC I) = type IIx (MHC IIx) < type IIb (MHC IIb) in the deep region of the rat medial gastrocnemius muscle.
V. Fiber Type and Oxidative Enzyme Activity in Hindllimb Muscles
The oxidative enzyme activities of fibers correlate to their mitochondrial densities [72] [73] [74] . Type I and type IIA fibers, except type I fibers in the soleus muscle, have higher oxidative enzyme activities (Fig. 4) and therefore higher mitochondrial densities. This is in agreement with a previous study using the rat tibialis anterior muscle [78] . Type IIB fibers in the deep regions of the plantaris, extensor digitorum longus, and tibialis anterior muscles have lower oxidative enzyme activities than type I and type IIA fibers in the respective muscle regions. In addition, type IIB fibers in the superficial regions of the extensor digitorum longus and plantaris muscles and in the middle and supeficial regions of the tibialis anterior muscle have the lowest oxidative enzyme activity. Type I fibers show the highest oxidative enzyme activity in humans [16, 48] . However, this is not the case for rats. There is no difference in oxidative enzyme activity of fibers between type I and type IIA fibers in the deep regions of the rat plantaris and extensor digitorum longus muscles [44, 45] . In addition, type IIA fibers show higher oxidative enzyme activities than type I fibers in the rat soleus muscle [44] . Previous studies [58, 59] observed that the oxidative enzyme activities of fibers were in the rank order of type IIb (MHC IIb) < type I (MHC I) < type IIx (MHC IIx) < type IIa (MHC IIa) in the deep region of the rat medial gastrocnemius muscle.
It is of interest to note that oxidative enzyme activities are higher in the subsarcolemmal than in the intermyofibrillar regions of type I, type IIA, and type IIC fibers in the skeletal muscles. Previous studies [3, 37, 57] have found higher oxidative enzyme activities in the subsarcolemmal region of fibers in the rat soleus and cat tibialis anterior muscles. These findings are reasonable when it is considered that mitochondria are highly dependent on oxygen and substrates supplied to the fiber from capillaries, which are located close to the sarcolemmal membrane.
VI. Relationship between Fiber Size and Oxidative Enzyme Activity in Hindlimb Muscles
The oxidative enzyme activity of fibers in the muscles is distributed either heterogeneously (skeletal muscles) or homogeneously (perineal and cardiac muscles). A previous study [54] observed that fiber oxidative enzyme activity was higher in the soleus muscle than in the extensor digitorum longus muscle of rats. However, this study [54] did not examine cell sizes or oxidative enzyme activities of typeidentified fibers in the muscle.
Muscle fibers have wide variations in their cell sizes [1] and oxidative enzyme activities [20, 46, 50, 56, 60, 65] , and large muscles show an increasing gradient of fibers having a small cell size [52, 53] and a high oxidative enzyme activity [23, 44, 45] proceeding from the superficial (away from the bone) to the deep (close to the bone) regions of the muscle. Previous studies [58, 59] reported the relationships among fiber types, and morphological (cell size) and metabolic (oxidative and glycolytic enzyme activities) features in the deep region of the rat gastrocnemius muscle. Similarly, an inverse relationship between cross-sectional area and oxidative enzyme activity of fibers is observed in the hindlimb muscles including the soleus, plantaris, extensor digitorum longus, and tibialis anterior muscles, regardless of the muscle region or fiber type [44, 45] (Fig. 4) . This means that smaller-sized fibers have higher oxidative enzyme activities than largersized fibers in the skeletal muscle even within the same fiber type because the supplies of oxygen and substrates for oxidative energy metabolism from capillaries which are located close to the membrane are more plentiful in smallersized fibers. There are regional differences in the cell size and the oxidative enzyme activity of type IIB fibers, but not type IIA fibers, i.e., type IIB fibers in the deep region had smaller cross-sectional areas and higher oxidative enzyme activities than the same type of fibers in the superficial and middle regions of the muscle. This means that type IIB fibers in the deep regions have more aerobic capacity, higher fatigue resistance, and more frequent activation compared with those in the superficial and middle regions of the muscle, suggesting a differing functional demand for type IIB fibers between the deep region and the superficial and middle regions of the muscle.
It is suggested that fibers in the deep regions of skeletal muscles have higher aerobic capacities compared with the same types of fibers in the middle and superficial regions because the oxidative metabolism requires a smaller fiber size to reduce the diffusion distance of oxygen and nutrients to the mitochondria in the intermyofibrillar region [81] , although a recent study [38] has indicated that capillary surface area rather than intrafiber diffusion distance or fiber capillary number determines the maximal oxygen flux in skeletal muscle. It is, therefore, concluded that a differing metabolic demand for fibers depending on the muscle region exists even within the same fiber type.
VII. Fiber Size and Oxidative Enzyme Activity in Perineal Muscles
The perineal striated muscle complex, which is largely regulated by sex hormones, is composed of three muscles: the bulbocavernosus, levator ani, and ischiocavernosus muscles. In adulthood, the bulbocavernosus muscle is present in males only [7] . The levator ani muscle attaches exclusively to the base of the penis and encircles the rectum, while the bulbocavernosus wraps around the base of the penis and induces an erection of the glans penis with a flared cup, i.e., the bulbocavernosus muscle is active during erections and ). An inverse relationship between cross-sectional area and succinate dehydrogenase activity of fibers in the skeletal muscles and muscle regions, except the bulbocavernosus, levator ani, and cardiac muscles, is observed (n=20, r=0.957, p<0.001). SOL, soleus; PLd and PLs, deep and superficial regions of plantaris, respectively; EDLd and EDLs, deep and superficial regions of extensor digitorum longus, respectively; TAd, TAm, and TAs, deep, middle, and superficial regions of tibialis anterior, respectively; BC, bulbocavernosus; LA, levator ani; HEART, left ventricle; SDH, succinate dehydrogenase; OD, optical density.
the levator ani muscle is active during flips of the penis [6, 7] . The fibers are therefore designed to contract rapidly for short periods. Blanco et al. [4] observed that all fibers in the bulbocavernosus and levator ani muscles of male rats were histochemically type IIB, based on the staining patterns of fibers for ATPase after alkaline and acid preincubation. In addition, they observed that the fibers show relatively low oxidative enzyme activities compared to those in the soleus and the deep region of the medial gastrocnemius muscles. The predominance of type IIB fibers in the perineal muscles is consistent with their normal activity patterns. For example, these muscles are recruited for relatively brief periods at high activation levels during intromission and ejaculation [24] . The ATPase staining intensities after alkaline and acid preincubation revealed that all fibers in the perineal muscles, e.g., the bulbocavernosus and levator ani muscles, were type IIB [33] . Gel electrophoresis, however, shows that the bulbocavernosus and levator ani muscles contain 2.4 and 2.9% MHC IIx, respectively [33] . Similarly, Talmadge and Roy [75] observed that the rat levator ani muscle is comprised of 98% MHC IIb and 2% MHC IIx. Fibers containing MHC IIx are reported to have higher oxidative enzyme activities than those containing MHC IIb in a variety of muscles [14, 55] . In addition, fiber sizes are smaller in the bulbocavernosus and levator ani muscles, and the fiber oxidative enzyme activities in these muscles are similar for type IIB fibers in the deep regions of the plantaris, extensor digitorum longus, and tibialis anterior muscles (Fig. 4) . These characteristics of fibers are consistent with their function in short and high-intensity activities.
VIII. Fiber Size and Oxidative Enzyme Activity in Cardiac Muscle
The mammalian cardiac muscle has three distinct MHC isoforms: V1, V2, and V3 [71] , suggesting that fibers in the muscle can be classified into several types including hybrid types, as shown in a previous study using rabbits [64] . However, it is difficult to classify fibers into several types based on their histochemical ATPase staining intensities alone because all fibers in the muscle showed positive staining by ATPase, irrespective of their preincubation pHs. This result is in agreement with a previous study [80] where all fibers in the rat ventricle had a uniform staining intensity using ATPase after preincubation at pH 10.5. In addition, no variations in the cell size or the oxidative enzyme activity of fibers in the cardiac muscle were observed in their study [80] .
Fibers in the rat cardiac muscle showed higher oxidative enzyme activity than those in the soleus and extensor digitorum longus muscles [54] . It is suggested that the high oxidative enzyme activity of fibers in the cardiac muscle contributes to their functional properties, i.e., continuous activity and high fatigue resistance.
IX. Cell Size and Oxidative Enzyme Activity of Spinal Motoneurons
The motoneurons associated with the skeletal muscles are located in the ventral horn of the spinal cord. Relatively specific topographical distributions and segmental representations of the motoneurons are associated with individual muscles and even with muscle regions [2, 26, 40, 47, 51, 79] . For example, the motoneurons innervating the hindlimb muscles are located in the retrodorsolateral region of the ventral horn in the lumbosacral segments, whereas the motoneurons innervating the perineal muscles are located in the dorsomedial and dorsolateral regions of the ventral horn [6, 7, 10, 17, 18, 35, 39, 63] .
Alpha motoneurons are relatively large and innervate extrafusal muscle fibers, in which the single axon of each motoneuron branches to supply a number of muscle fibers, while gamma motoneurons are small and innervate intrafusal muscle fibers in muscle spindles [12, 34] . In addition, alpha motoneurons are classified into slow and fast types ( Table 2 ). Slow and fast type alpha motoneurons innervate type I and type II fibers in the skeletal muscles, respectively. An alpha motoneuron and the muscle fibers which it innervates are collectively called a neuromuscular Burke et al. [11] using the horseradish peroxidase (HRP) labeling technique observed a topographical organization of motoneurons in the cat medial gastrocnemius motoneuron pool. The motoneurons located in the rostral end of the motoneuron pool had a high percentage of large cell body sizes and innervated the dorsal region of the muscle (predominantly type II fibers), while the motoneurons located in the caudal end of the motoneuron pool had a high percentage of small cell body sizes and innervated the ventral region (predominantly type I fibers). Sickles and Oblak [67] retrogradely labeled motoneurons by exposing the nerve to a neuronal tracer, HRP. The oxidative enzyme activities of the motoneurons and muscle fibers in the rat tensor fascia latae (predominantly type IIB (fast-twitch glycolytic) fibers), tibialis anterior (predominantly type IIA (fast-twitch oxidative glycolytic) fibers), and soleus (predominantly type I (slow-twitch oxidative) fibers) were determined. The mean oxidative enzyme activity of motoneurons in each motoneuron pool corresponded closely with that of the muscle fibers innervated by each motoneuron pool. This study was the first to report metabolic differences in motoneurons innervating muscles having different fiber type distributions. On the other hand, no relationship between cell body size and glycolytic enzyme, e.g., a-glycerophosphate dehydrogenase, activity of motoneurons in a motoneuron pool was observed [28] .
The relationship between motoneuron metabolic properties and muscle fiber types was further examined by comparing the oxidative enzyme activities of motoneurons innervating the deep and superficial regions of the rat tibialis anterior muscle [31] . The tibialis anterior muscle has an increasing gradient of muscle fibers with a high oxidative enzyme activity proceeding from the superficial (away from the bone) to the deep (close to the bone) regions of the muscle. The motoneurons innervating the deep region showed a higher oxidative enzyme activity than those innervating the superficial region of the muscle. Similarly, Miyata and Kawai [42] , using the fluorescent neuronal tracer technique, compared the cell body size and the oxidative enzyme activity of motoneurons innervating the deep (predominantly high oxidative fibers) and superficial (predominantly low oxidative fibers) regions of the rat gluteus medius muscle. A higher oxidative enzyme activity was observed in motoneuons innervating the deep region of the muscle compared with the superficial region.
A higher oxidative enzyme activity in smaller motoneurons seems particularly appropriate for these more easily-recruited motoneurons; smaller motoneurons are recruited before and more often than larger motoneurons and are metabolically more active within the neuromuscular unit.
X. Conclusion
It is concluded that there is an inverse relationship between cell size and oxidative enzyme activity of fibers in the rat hindlimb muscles including the soleus, plantaris, extensor digitorum longus, and tibialis anterior muscles, regardless of the muscle region and fiber type. This is true for cardiac muscle having fibers with the smallest crosssectional area and the highest oxidative enzyme activity, but not for the bulbocavernosus and levator ani muscles having fibers with smaller cross-sectional areas and lower oxidative enzyme activities. It is suggested that the presence of muscle type-and region-specific fiber sizes and oxidative enzyme activities is important to maintain their differing functional and metabolic demands including contraction speed and fatigue resistance. In addition, there is a matching of cell sizes and oxidative enzyme activities of spinal motoneurons and the muscle fibers that they innervate, which is important for maintaining their functional and metabolic properties.
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